Gabbroic rocks and peridotites are exposed on the seafloor on the western median valley wall of the Mid-Atlantic Ridge, south of the Kane Transform (MARK). The gabbroic rocks occupy an uplifted massif directly south of the transform-ridge intersection, whereas the peridotites extend 20 km along a median valley parallel ridge just south of the gabbro massif. Acoustic velocity measurements have been made at elevated confining pressures for a suite of samples extracted from drill cores collected during Ocean Drilling Program Leg 153. Drilling operations at Site 920 produced the deepest penetration and most substantial recovery to date in a coherent block of serpentinized peridotite from any ocean basin. Site 923, in the gabbro massif, yielded nearly 75% recovery of fresh troctolite, olivine gabbro, and gabbro. A sample suite was selected from these drill cores to be representative of the primary lithologies recovered.
INTRODUCTION
Leg 153 of the Ocean Drilling Program (ODP) sailed to the Mid-Atlantic Ridge, south of the Kane Fracture Zone (MARK), as the second in a series of drilling programs with the objective of sampling the lower oceanic crust and upper mantle. Recognizing that drilling a complete section through the ocean crust is technologically challenging, the marine geoscience community and ODP have adopted a strategy of creating a composite section by drilling a succession of holes through tectonic windows where deep crustal and upper mantle rocks have been exhumed and emplaced at the seafloor. Lateral correlation of these sections is proposed to provide our best opportunity to constrain the interpretation of remote sensing seismic data until a continuous section through the oceanic crust is sampled intact.
Primarily from geophysical studies, the oceanic crust is thought to have a layered structure, with basaltic pillow lavas underlain by sheeted diabasic dikes, underlain in turn by a thick sequence (up to several kilometers) of gabbroic and ultramafic cumulates. This package overlies an upper mantle composed of peridotite, which has been chemically depleted by the extraction of partial melts (Moores and Vine, 1971; Casey et al., 1981) . This interpretation is supported by investigations of obducted wedges of oceanic crust, ophiolites, that 'Karson, J.A., Cannat, M., Miller, D.J., and Elthon, D. (Eds.), 1997. Proc. ODP, Sci. Results, 153: College Station, TX (Ocean Drilling Program are exposed on land (Coleman, 1977; Nicolas, 1989) . What cannot currently be resolved by these investigations are the lateral and vertical continuity of these layers, particularly with respect to tectonic setting. Detailed mapping has heightened our awareness of the heterogeneity in lithologies exposed in the MARK area (Karson et al., 1987; Brown and Karson, 1988; , suggesting that a simple, layer-cake configuration is unlikely, particularly in areas with a low magma budget. Similarly, recent studies of other slowspreading environments indicate a thin and heterogeneous crustal structure Stroup and Fox, 1981; Karson et al., 1984; Karson and Fox, 1986; Cannat and Casey, 1995) . Only by drilling a series of sections through the crust can we examine the continuity and lateral extent of these "layers" and investigate the nature of the transition from the crust to the mantle. This is of particular interest inasmuch as there remains an ongoing debate on the coincidence of the abrupt increase in seismic velocity and the transition from cumulate gabbroic rocks to residual mantle lithologies.
Submersible and dredging programs have demonstrated that gabbroic rocks outcrop in a large massif on the western wall of the Mid-Atlantic Ridge (MAR), just south of the Kane Transform (Fig. 1) . The massif extends at least 15 km south of the Kane Transform, and is on the order of 8 km wide. These rocks are interpreted to be exposures of deep crustal rocks that have been exhumed by extensional tectonics at a slow-spreading mid-ocean ridge, with minimal magmatic activity (Karson and Dick, 1983; Karson et. al., 1987; Mével et al., 1991) . This is in contrast to previous drilling programs that have sampled gabbroic rocks exposed by a propagating rift tip in fastspreading crust (ODP Leg 147, Hess Deep), and along an ultra-slowspreading ridge (ODP Leg 118, Southwest Indian Ridge). Site 920 lies on the serpentinite ridge, and Sites 921-924 are on the gabbro massif. Locations of previous ODP drill sites are also noted. Contours are in kilometers below sea level (after Detrick et al., [1988] and Cannat, Karson, Miller, et al., [1995] Outcrops of serpentinized peridotite were first reported from the western median valley wall of the MARK area during an Alvin dive series in 1985 (Karson et al., 1987) . Discontinuous serpentinite outcrops extend south in a belt approximately 2 km wide and 20 km long, parallel to the strike of the Mid-Atlantic Ridge. This ridge was first drilled during ODP Leg 109 (Shipboard Scientific Party, 1988) , where they achieved penetration of nearly 100 m and recovered 5 m of core. Leg 153 sampled rocks from both the gabbro massif and the peridotite ridge (Cannat, M., Karson, J.A., Miller, D. J., et al., 1995) and this report documents the laboratory-measured seismic velocities of samples extracted from the recovered core.
Seismic velocities of these rocks are influenced by various parameters, including mineralogy, porosity, density, preferred mineral orientation, degree of alteration, and chemical composition. In this paper we examine velocity-porosity-density systematics and the potential contributions of mineralogy to seismic velocity.
EXPERIMENTAL METHODS
Leg 153 drilled two deep holes in the peridotite ridge at Site 920, and from Hole 920D recovered more than 95 m of core with a penetration in excess of 200 m. This represents the deepest penetration and most substantial volume of rock ever recovered from a coherent block of serpentinized peridotite in any of the world's ocean basins. In the gabbroic massif at Sites 921-924, multiple holes were drilled along a ridge-parallel and a ridge-perpendicular traverse with the objective of determining temporal and geometric heterogeneity. The sampling strategy for this study was specifically designed to characterize the primary lithologic units recovered. A total of 65 samples were examined during this research; 29 samples from the gabbroic section and 36 from the peridotite section. Locations of samples relative to recovery used in this study are presented in Figures 2 and 3 .
Inasmuch as velocities at formation and emplacement pressures are different than velocities measured at atmospheric pressure (Birch, 1960) , it is imperative that data used in examinations of crustal seismic velocity be obtained at appropriate elevated pressures. In the following section, the methods of sample preparation and density, porosity, and velocity measurements are described in detail.
The nominally 6.5-cm-diameter core recovered during Leg 153 was bisected along its axis within a few minutes to hours after it was brought on deck. Minicores, used for shipboard physical properties measurement, oriented perpendicular to the cut face were usually extracted within a few hours after recovery. Near the end of the cruise, several drill-core axis-parallel minicores were taken as well to assess anisotropic properties. The minicore diameters were all 2.5 cm, and lengths varied from 1.5 to 3.0 cm. Both ends of the minicores were polished flat to within 0.2 mm to produce a right-circular cylinder, and polished thin sections were prepared from core end billets.
Compressional-(V^,) and shear-(V s ) wave velocities were measured at confining pressures up to 600 MPa at the Purdue University Rock Physics Laboratory using the pulse transmission method (Christensen, 1965 (Christensen, , 1985 ; results are compiled in Tables 1 and 2. Velocities were determined at room temperature to an accuracy of 1 % from the traveltime of an elastic wave in a rock cylinder of known length using PZT and AC-cut quartz transducers with resonant frequencies of 1 MHz. The measurements were obtained by sending simultaneous electronic pulses to a transducer on the sample and a transducer inside a calibrated mercury delay line. During the measurement, waveforms from receiving transducers attached to the delay line and the sample are displayed on a dual-trace oscilloscope, and the length of the mercury delay line is adjusted such that the signals are superimposed, indicating that the pulse transmission time is the same for both the sample and the mercury column. Sample velocity (v) is calculated from the measured sample length (/), the length of the mercury column (Z Hg ), and the velocity of mercury (v Hg = 1.446 km s' 1 at 30°C; Christensen, 1985) according to the relationship
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Confining pressure was measured by monitoring the change in resistivity of a manganin coil in contact with the pressure medium. Velocities were measured in incremental steps of increasing and decreasing pressure of 20 MPa from ambient pressure to 100 MPa, and in steps of 50 MPa from 100 to 600 MPa. All measurements were obtained at room temperature and samples were kept saturated in seawater. Examples of velocity change with respect to pressure change are shown in Figure 4 . For all the samples examined in this study, velocity as a function of pressure increases linearly when the confining pressure exceeds 250-300 MPa, and it is nearly linear for most samples down to 200 MPa. Below 200 MPa, however, velocity rapidly decays as microcrack porosity attenuates elastic wave transmission. Because the samples examined in this research are interpreted to have been derived from the lower oceanic crust and upper mantle, we assume a minimum in situ confining pressure of 200 MPa is applicable 20-40" to rocks presumed to be derived from the lower oceanic crust, and all results discussed hereafter are for that pressure. We recognize that reconstruction of the specific crustal depth associated with the rocks from the gabbro massif is a matter of some debate, and, if the gabbroic rocks are from the uppermost part of oceanic Layer 3, in situ pressure may be no more than -50 MPa. However, extrapolation of the V p -pressure curves (e.g., Fig. 4 ) below 200 MPa (which provides estimates of V p minimizing microcrack porosity control on velocity) exhibits a V n of less than 0.1 km s ' between 200 and 50 MPa.
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Wet and dry sample weights were obtained on the ship using a motion-compensated microbalance for measuring mass (±0.002 g accuracy). Sample volumes were determined on board by means of a pycnometer which used helium as the displacing fluid. Purge times of 5 min were used to approach a helium-saturated steady-state condition and to assure helium penetration into crevices and pore spaces with dimensions approaching one Angstrom (I0" 10 m). Sample volumes were also determined from the diameters and lengths of the minicores. The two volume measurement methods agreed to within less than 1.5%. After the wet sample weight was measured, the minicores were dried at 110°C for 24 hr to drive off unbound water. After the dry sample weight was measured, the samples were resaturated with seawater before velocity measurements were made. Bulk density and porosity were calculated from the measurements described above.
Petrographic analyses were performed on polished thin sections, and descriptions are compiled in Tables 3 and 4 . Modal analyses are based on visual estimation of component phases and point counts.
RESULTS
Gabbroic rocks from the intersection massif south of the Kane Fracture Zone sampled at Site 923 have a mean bulk density of 2.91 g cm" 3 and a standard deviation (s.d.) of 0.06 g cm" 3 . In comparison, the serpentinized peridotites sampled at Site 920 have a mean bulk density of 2.65 g cm" 3 (s.d. = 0.09 g cm" 3 ). Average porosity of the gabbroic rocks measured aboard ship was 1.23% (s.d. = 0.30%), whereas porosity calculated from measurements made several months post-cruise is 1.31% (s.d. = 0.72%). Average porosity in the peridotites measured aboard ship was 4.18% (s.d. = 2.08%). Postcruise studies revealed that porosity in the peridotite samples was 1.32% (s.d. = 0.72%). Mean compressional-wave velocity at 200 MPa for the gabbroic rocks is 7.01 km s" 1 (s.d = 0.15 km s" 1 ). For the ultramafic rocks, mean V p at 200 MPa is 5.42 km s" 1 (s.d. = 0.39 km s~1)-Mean shear-wave velocity for the gabbroic rocks is 3.84 km s" 1 (s.d. = 0.13 km s" 1 ). Mean V s for the peridotites is 2.61 km s" 1 (s.d. = 0.34 km s 1 )-In the following discussion, the influences of porosity, density, mineralogy, and alteration on the seismic properties of rocks from Sites 920 and 923 are explored. Dynamic elastic constants are calculated from laboratory-measured velocities and densities, and the elastic behavior of oceanic lower crustal and upper mantle rocks is examined, particularly with future oceanic crustal drilling programs in mind.
DISCUSSION
Porosity and Density
The effect of microcrack porosity on the seismic velocities of oceanic gabbroic and ultramafic rocks has undergone recent scrutiny (Iturrino et al., 1991; Iturrino et al., 1996; Miller et al., 1996) . Figure  5 shows the calculated density-porosity relationship for rocks collected on Leg 153. There is a distinct grouping of the two primary divisions of lithologic types evident in these data. There appears to be no systematic relationship between density and porosity for the gabbroic rocks from Site 923. There does appear to be a sublinear trend in the majority of the data from Site 920, suggesting that density in the serpentinized peridotites is relatively invariant up to 2.5% porosity. All but three of the peridotite samples (the three with the highest densities) are intensely serpentinized. If porosity had a significant effect on density in these samples, we would expect to see the data emulate the trends defined by the contours representing calculated density change in response to increasing porosity. As this is not the case, we surmise that there is a higher order control on sample density.
Certainly one of the most intriguing data sets derived from shipboard and shore-based density-porosity analysis is the change in po- Notes: (H) = horizontally oriented minicore (relative to core axis); (V) = vertically oriented minicore. rosity of the samples with time. Figure 6A shows the change in porosity for gabbroic samples from within a few hours to 2 days after the cores were recovered, relative to a second measurement several months after the cruise. All of the samples from Site 923 exhibit either the same, or more commonly, slightly higher porosity values in the post-cruise analysis. Although the slight difference in porosity in these samples may be an artifact of interlaboratory analysis, the sys-tematic elevation of porosity with respect to time suggests a behavioral trend. A potential explanation for this phenomenon is that, as the cores relax, microcrack expansion caused by unloading leads to greater porosity.
In contrast, all of the serpentinized peridotite samples from Site 920 exhibit strikingly lower porosity values measured after the samples have been allowed to relax (Fig. 6B ). We assume that micro- Notes: (V) = vertically oriented minicore (relative to core axis); (H) = horizontally oriented minicore. crack propagation resulting from unloading is affecting these samples as well. If this is the case, then either serpentinization is an ongoing process, and volumetric expansion resulting from the serpentinization of olivine is filling the microcrack pore space as the sample ages, or latent volumetric expansion of serpentine contributes to the decrease in apparent porosity. The science party recognized that, within a few minutes to hours after splitting the core, serpentine veins had swelled, imparting relief to the originally smooth cut face. Inasmuch as these observations are so unique, experiments to test the kinetics of this behavior should be designed for the next time seηxntinized peridotites are recovered by drilling. Serpentinite swelling may have a significant impact on drilling operations. During Leg 153, drilling operations at Site 920 were suspended on several occasions when there appeared to be excess torque on the drill string monitored at the drill floor. Examination of the lower part of the drill string once the pipe was brought to the surface indicated the torque was not acting on the drill bit but on parts of the lower end of the drill string (several meters above the bit, but still below the seafloor when the bit was operating) were seen to have been scored. Potentially, either pressure release by opening the hole allowed latent volumetric expansion of the serpentinized peridotite to close the sides of the hole, or ongoing serpentinization over the period of the drilling operation (a few days) caused the rock to swell and bind the drill string.
Velocity and Density Birch (1960 Birch ( , 1961 presented the first detailed study of V p at elevated pressures in serpentinites. This study recognized that there was a proportional increase in compressional-wave velocity corresponding to an increase in density. Christensen (1966) expanded on this study, demonstrating that seismic anisotropy imparted by preferred mineral orientation contributed significantly to velocity behavior in partially serpentinized peridotites. Christensen (1966) also demon- strated that serpentinite has a distinctly high Poisson's ratio relative to most other silicate rocks, theoretically allowing it to be distinguished from other rocks in geophysical studies of the oceanic crust.
A detailed evaluation of a continuous section of lower oceanic crustal gabbros was not possible until the late 1980s, when Leg 118 recovered a virtually complete 500-m section of gabbroic crust from the Southwest Indian Ridge. Iturrino et al. (1991) demonstrated that these gabbroic rocks had very low porosities (most less than 1%) and a high average V p (7.10 km s~1)-These data are precisely in accord with earlier studies that demonstrated that oceanic gabbroic rocks recovered by drilling, dredging and submersible programs had compressional-wave velocities in excess of 6.5 km s~1, consistent with oceanic seismic Layer 3 (Fox et al., 1973; Hyndman and Drury, 1976; Schreiber and Fox, 1977) .
In a plot of V p vs. density, the lower crustal and upper mantle rocks from the MARK area fall in two well-defined clusters. The gabbroic rocks all have a relatively high V p and density, whereas the serpentinized peridotites are generally characterized by distinctly lower values (Fig. 7) . The contours of constant mean atomic weight (MAW) in Figure 7 were calculated from Birch's Law (Birch, 1960 (Birch, , 1961 corrected to 200 MPa according to the algorithm of Iturrino et al. (1991) . The predicted MAW from velocity-density systematics shows the gabbroic rocks have a very limited range about an average of 21. This value is similar to that derived from fresh gabbroic rocks from the Southwest Indian Ridge (Iturrino et al., 1991) . Similar lithologies from Hess Deep exhibited higher MAW values, because of abundant Fe-bearing hydrous phases , whereas the gabbroic rocks from MARK are virtually fresh. The serpentinized peridotites show a broader range of values, clustered about an average of 22. This value is nearly identical to that reported for serpentinized peridotites at Hess Deep Miller et al., 1996) .
Expanding on the work of Birch (1960 Birch ( , 1961 and Christensen (1966 Christensen ( , 1972 Christensen ( ,1978 regarding velocity behavior in serpentinized peridotites, we have drawn from the literature laboratory-measured velocity and degree of serpentinization data, which are presented in Figures 8 and 9 . Although minor antigorite has been reported in oceanic serpentinized peridotites (Phillips et. al., 1969) , lizardite/chrysotile is the far more abundant serpentine mineral. Because the high velocity associated with samples containing abundant antigorite (Christensen, 1978) can substantially skew the data, we have eliminated from our data set samples that were recognized to contain substantial amounts of antigorite. Least-squares analysis of the compiled data demonstrates that there is a distinct correlation between the fraction of the SeΦentinized peridotite. 92% seΦentine, no fresh olivine, large poΦhyroclasts of orthopyroxene, slightly more abundant than in Sample 16R-4, 82 cm (6%), 2% magnetite. Paired Sample 153-920D-17R-3, 5 cm, contains even more orthopyroxene (10%) and a few kernels of relic olivine (2%). 85% seΦentine. 18R-4, 12 SeΦentinized peridotite. 79% seΦentine, 15% orthopyroxene, 5% olivine, 1% magnetite, trace chromite. Strong anastomosing foliation, wraps around orthopyroxene poΦhyroclasts. Olivine is always as relic kernels near orthopyroxene. 19R-1, 18
Serpentinized peridotite. 76% seΦentine, 15% orthopyroxene, 5% olivine 3% magnetite, 1% chromite. Dense mesh of magnetite stringers without a well-developed foliation. 20R-5, 95
SeΦentinized peridotite. 80% seΦentine 10% olivine, 8% orthopyroxene 1% magnetite, 1% chromite (in small clusters). Mesh texture well developed in seΦentine, no strong foliation. Rare large olivine kernel clusters. Paired Sample 153-920D-20R-5, 98 cm, has less olivine (5%) and orthopyroxene (5%) with more magnetite (2%) and chromite (2%), 86% seΦentine. 21R-2, 97 Serpentinized peridotite. Looks very similar to Sample 153-920D-20R-5, 98 cm. 86% seΦentine, 5% each olivine and orthopyroxene and less, but roughly equal, amounts of magnetite and chromite. Chromite occurs in an trail of small grains, roughly parallel to overall foliation. 22R-3, 17 Serpentinized peridotite. Quite fresh, with abundant orthopyroxene (20%), fresh clinopyroxene (10%), relic olivine kernels 10%, 2% magnetite, 1% chromite. 57% serpentine. No distinct foliation orientation. 22R-4, 42 SeΦentinized peridotite. This sample and its pair look radically different. Sample 153-920D-22R-4, 42 cm, is 86% seΦentine, with pervasively altered orthopyroxene 10% and virtually no fresh olivine (rare kernels: l%-2%), 2% magnetite. This sample is pervasively SeΦentinized, paired core (Sample 153-920D-22R-4, 47 cm) is much fresher. It contains 20% orthopyroxene that is less altered, 10% olivine and a small amount of clinopyroxene 5%. This sample is only 64% seΦentine and 1% magnetite. Texturally, however, the samples are very similar with a distinct preferred elongation direction of poΦhyroclasts that mimics a distinct foliation direction.
rock which has been serpentinized and density (Fig. 8) . When density-serpentinization data from Hess Deep serpentinized peridotites and the peridotites from the MARK area are included in the data set, there is virtually no change in the correlation coefficient (R 2 = 0.976), suggesting that this relation is valid for serpentinized peridotites exposed at both fast-and slow-spreading ridges. Studies from several ophiolite complexes have reported a similar correlation (Ramana and Rao, 1974; Aslanyan et al., 1976, Kern and Tubia, 1993) . As illustrated in Figure 9 , there is a similar distinct correlation between the degree of serpentinization and both V p (R 2 = 0.95) and V s (R 2 = 0.93). These data may allow interpretation of the fraction of the suboceanic mantle that has undergone serpentinization when V p and V s can be determined by remote seismic methods.
Velocity and Mineralogy
Whereas the individual minerals present in undeformed oceanic rocks are commonly seismically anisotropic (i.e., An 56 Plagioclase can have a V p ranging from 7.33 km s~1 to 6.64 km s" 1 depending on propagation direction relative to the crystallographic axis [Christensen, 1982] ), and seismic velocity can vary within zoned minerals, the rocks tend to behave isotropically or nearly so because of random orientation of the crystallographic axes of the constituent phases. Limits for the velocities of mineral aggregates have been calculated from elastic constants assuming uniform stress and strain (Voigt, 1928; Reuss, 1929) . The mean of the velocities, the Voigt-Reuss-Hill averages (VRH, after Hill, 1952) , can be used as an estimate of the velocity of a monomineralic rock. Assuming the samples from MARK have a random grain orientation, velocity-density data from MARK area samples should fall within a polygonal field where the apices are the VRH averages of the principal minerals present. Figure 10 shows a plot in velocity-density space, with the VRH averages of Plagioclase, hornblende, augite, and olivine forming the apices of a polygon that encompasses virtually all the data from Site 923. The single sample falling near the olivine Plagioclase join is a bimineralic, plagioclase-rich troctolite (see Table 3 ). The three samples along the Plagioclase-hornblende join represent the three most altered gabbroic rocks examined. Data from all other samples fall within the triangle defined by augite, olivine, and Plagioclase VRH averages, and the general proportions of phases (50%-75% plagioclase, clinopyroxene abundance > olivine abundance, agree well with modal analyses (see Table 3 ).
A similar VRH-type plot for data from the serpentinized peridotites of Site 920 (Fig. 11) shows that most of the data clusters near the seΦentine apex. Inasmuch as no VRH data exist for seΦentine, we have used average V p and density data for seΦentine compiled by Christensen (1966 Christensen ( , 1972 Christensen ( , 1978 Once again we note in this diagram the correlation between increasing degree of seΦentinization and de- creasing V p . According to this figure, as any combination of olivine and orthopyroxene undergoes the serpentinization reaction, velocity should decrease sharply-Much of the data from the serpentinized peridotites at MARK fall outside of the triangle formed by the average velocity-density values of the three principal phases. We surmise this is due to a by-product according to the serpentinization reaction:
olivine + orthopyroxene + water = brucite + serpentine + magnetite.
(2)
Because of its high density, even a few percent magnetite produced by this reaction can raise the densities of these samples high enough to push the data out of the serpentine-orthopyroxene-olivine envelope.
Elastic Constants
Vp/V s , Poisson's ratios (σ), bulk moduli (K), and shear moduli (µ) calculated at various pressures and measured densities and velocities are presented in Tables 5 and 6 . These values must be considered in drilling operations because microfracture density (thus, by analogy, ease in drilling) is generally proportional to the elastic moduli 
shear moduli (µ) = shear stress × shear strain = p(V s 2 )
where p = density. Evaluation of elastic moduli for various crustal rock types exposed on the seafloor can provide information regarding drill bit life and potential drilling difficulty.
Although -90% of remote geophysical velocity data is V p , the ratio of V p to V^ (when both are available) has been invoked as a lithology discriminant (e.g., Tatham, 1982; Wilkens et al., 1984; Elo and Korja, 1993 ). An examination of laboratory-measured VJV S plotted relative to density reveals that the gabbroic rocks and serpentinized peridotites sampled at the Southwest Indian Ridge, Hess Deep, and MARK fall into two, relatively distinct fields (Fig. 12) . It is interesting to note, however, that the least serpentinized peridotites from both Hess Deep and MARK show evidence of merging into the field delineated by the gabbroic rock data, and that several partially serpentinized samples from the MARK area are indistinguishable in VJ Vj-density space from the gabbroic rocks. The potential difficulty in distinguishing partially serpentinized peridotite from gabbro is illustrated in Figure 13 . The dark stippled field represents the range of all Vp-density data for gabbroic rocks sampled from Southwest Indian Ridge (Leg 118), Hess Deep (Leg 147), and MARK (Leg 153). The light stippled field represents the range of V p and density of peridotites that are 30% to 50% serpentinized, as calculated from regression parameters for all the peridotites considered in this study. This suggests that caution must be exercised when interpreting remote seismic data in terms of thickness of the oceanic crust, as partially serpentinized peridotite may have physical properties that render it indistinguishable from lower crustal gabbro. A plot of the V p -V s data contoured in terms of Poisson's ratio (Fig. 14) shows that the gabbroic rocks from MARK have a welldefined, narrow range of values. Nearly all the σ values fall between 0.25 and 0.30, with a mean of 0.29 and a standard deviation of 0.01. This value is in excellent agreement with σ derived from ophiolitic gabbros (Christensen, 1978) and oceanic gabbroic rocks sampled at the Southwest Indian Ridge (Iturrino, et al., 1991) and Hess Deep .
Turning to values for serpentinized peridotites plotted in the same field, we note that there is a much broader range (0.25 to 0.40) and a significantly higher mean and standard deviation (0.35 ± 0.03) than shown for gabbroic rocks. These are consistent with oceanic upper mantle values published by Christensen (1974) .
Examining other elastic constants from these data, we can evaluate potential reasons for the variability in drilling characteristics between the Southwest Indian Ridge (Leg 118 (Sites 921-924). If we examine the bulk moduli (K) and shear moduli (µ) data (Table 7) for all three sites, we note that µ is constant. There is, however, a statistical difference in K, with the mean K for MARK higher than the same value in samples from either the Southwest Indian Ridge or Hess Deep. Inasmuch as the shear modulus is the force per unit area divided by change in length and the bulk modulus is the force per unit area divided by change in volume, this indicates we are seeing a difference in the change in volume not reflected in the change in length of the sample. If a rock contains more abundant microcracks the potential for a change in volume is greater and a lower lvalue will result. From these data, the change in volume of the samples from the MARK area is less than from the other areas, indicating potentially fewer in situ microcracks, or points of purchase for the 2.4 2.5 2.6 2.7 2.8 2.9 Density (g cm 3 )
3.0 3.1 Christensen (1966 Christensen ( , 1972 Christensen ( , 1978 , Christensen and Salisbury (1972) , and Kroenke et al., (1976) . Data from Hess Deep rocks are taken from Iturrino et al., (1996) . drill bit. Although this will likely lead to more demanding drilling conditions, it could mean an inherently more stable hole. We note that coring proceeded slowly (less than 0.3 m per hour) during operations at Hole 923A, however recovery was nearly 75% (Cannat, Karson, Miller, et al., 1995) . Although drilling parameters at Site 923 indicated a clean and stable hole, the gabbroic rocks were extremely abrasive, causing rapid deterioration of drill bits. Hence, deepening 3.4 Figure 10 . VRH plot for MARK gabbroic rocks. VRH averages are from Christensen (1982) .
holes in this type of environment requires multiple pipe trips to replace drill bits. Existing reentry templates, however, restrict operations to areas with only minor topographic undulation and relief. New drilling tools and adaptations of existing technology have the potential of overcoming these restrictions, allowing significantly greater penetration and recovery. Density (g cnr 3 ) Figure 11 . VRH-type plot for MARK serpentinized peridotites. VRH averages for olivine and orthopyroxene are from Christensen (1982) , serpentine values are averaged from Christensen (1966 Christensen ( , 1972 Christensen ( , 1978 .
SUMMARY
Serpentinized peridotites and gabbroic rocks outcrop along the western median valley wall of the Mid-Atlantic Ridge, south of the Kane Transform. Physical properties measurements have led us to the following conclusions regarding the nature of the lower oceanic crust and upper mantle at a slow-spreading mid-ocean ridge.
1. Whereas porosity is seen to increase slightly or remain nearly the same with time in gabbroic rocks, serpentinized peridotites exhibit a marked decrease in porosity over the same time interval. Removal of the present day lithostatic and hydrostatic load (in excess of 40 MPa) from the core should allow microcrack propagation, as evidenced by the slight increase in porosity common to gabbroic samples. Similar microcrack propagation is probably ongoing in the serpentinized peridotites, however, expansion of serpentine fills the cracks rapidly. This expansion may be caused by either latent volumetric expansion of the serpentinization reaction or continuing serpentinization. This expansion may contribute to drilling difficulty, suggesting that steps should be taken to isolate the hole once drilled (i.e., casing). 2. Velocity-density relationships support the petrographic interpretation that the gabbroic rocks from MARK are significantly fresher than similar lithologies from the fast-spreading ridge near Hess Deep. This is reflected in higher velocities at any given density. Values of MAW (estimated from velocitydensity covariation) for MARK gabbroic rocks are identical to values derived from samples taken during Leg 118, at the ultra-slow-spreading Southwest Indian Ridge. Velocity-density relationships for samples taken from the serpentinite ridge at MARK are indistinguishable from similar data on serpentinized peridotites from near Hess Deep.
3. There is a strong negative correlation between seismic velocity (V p and Vj) and degree of serpentinization in samples from ophiolite sequences worldwide. Data from serpentinized peridotites at MARK duplicate this trend, suggesting the potential of estimating the degree of serpentinization from V p and V s measurements. However, practical application of these parameters to petrologic interpretations rely on the nontrivial restrictions imposed by the resolution of remote geophysical velocity data. The maximum resolution of lower crustal/upper mantle velocity surveys (data integration over minimally 1000 m) exceeds by half an order of magnitude the total length penetrated at Hole 920D. Within the samples recovered from this hole, there is evidence of extreme heterogeneity in the degree of serpentinization. 4. Data from gabbroic samples fall within a field defined by the VRH averages for An 56 Plagioclase, olivine, augite, and hornblende, and most fall within the plagioclase-olivine-augite triangle. A single troctolite examined plots on the plagioclaseolivine join. An estimate from VRH averages of the relative proportions of minerals necessary to produce the data array observed is in excellent agreement with petrographic analysis. This suggests the utility of using velocities to estimate the mineralogical composition of the crust, given a reliable density estimate. The caveat regarding local-scale heterogeneity and the resolution of remote velocity surveys applies to gabbroic rocks as it does to serpentinized peridotites. 5. A VRH-type plot for serpentinized peridotites from MARK shows that, whereas some of the data fall in the triangle defined by olivine and orthopyroxene VRH averages, and the average serpentine velocity-density value, much of the data is shifted to higher densities. This is likely due to the generation of magnetite in the serpentinization reaction. This analysis also points out one of the pitfalls of using velocity data to estimate crustal components. Although data from completely fresh and completely serpentinized peridotite fall in distinct and separate fields, according to these data, a peridotite that has undergone 30%-35% serpentinization is indistinguishable in terms of V p , V s , or density from the field defined by gabbroic rocks recovered on Legs 118, 147, and 153. Even peridotite samples with 50% serpentinization merge into the field occupied by data from gabbroic rocks. VJV S values, used to interpret remote seismic data, are indistinguishable as well in peridotites with only moderate serpentinization. Samples with this mineralogy are present in the MARK sample suite, and are probably present at depth in the oceanic crustal section at MARK. This will cloud interpretation from remote geophysical velocity studies in terms of locating boundaries between gabbro and peridotite in the ocean crust. 6. The relationship between bulk moduli and shear moduli for the gabbroic rocks from MARK compared to other regions in the ocean where gabbros have been drilled suggests that, although drilling at MARK may be more difficult, the rocks may have physical properties that lead to a more coherent hole. This interpretation complements shipboard observations that indicated some of the holes were in reasonably good condition, and limitations on reentry capability, not poor drilling conditions, limited penetration at Site 923.
Two primary results of this investigation regarding the future of drilling deep crustal sections in the world's ocean basins merit attention. First, drilling either in peridotites or in gabbros requires a reentry template. Although peridotites drill rapidly and with minimal bit wear, the drill string must be isolated from the borehole walls to prevent collapse and binding. In gabbroic rocks that have physical properties that resist fracturing, which leads to slower penetration rates and exacerbated wear in drill bits, several bit changes will be required Notes: (H) = horizontally oriented minicore (relative to core axis); (V) = vertically oriented minicore. Units for σ and µ are MPa × 10 2 to produce a section of any considerable length. Irrespective of lithology, multiple reentries are a necessity of deep drilling into oceanic crust. The rocks are undoubtedly drillable, and we should continue to develop programs and strategies to drill sites in these settings. Only through future drilling programs, with deeper penetration and more complete recovery, can we develop a full understanding of the petrologic, tectonic, and geophysical structure of the oceanic crust. 
